Abstract
The stellar mass binary black hole (sBBH) mergers presently detected by LIGO may originate wholly or in part from binary black hole mergers embedded in disks of gas around supermassive black holes. Determining the contribution of these active galactic nucleus (AGN) disks to the sBBH merger rate enables us to uniquely measure important parameters of AGN disks, including their typical density, aspect ratio, and lifetime, thereby putting unique limits on an important element of galaxy formation. For the first time, gravitational waves will allow us to reveal the properties of the hidden interior of AGN disks, while electromagnetic radiation (EM) probes the disk photosphere. The localization of sBBH merger events from LIGO is generally insufficient for association with a single EM counterpart. However, the contribution to the LIGO event rate from rare source types (such as AGNs) can be determined on a statistical basis. To determine the contribution to the sBBH rate from AGNs in the next decade requires: 1) a complete galaxy catalog for the LIGO search volume, 2) strategic multi-wavelength EM follow-up of LIGO events and 3) significant advances in theoretical understanding of AGN disks and the behavior of objects embedded within them.
1 Is LIGO detecting the mergers of black holes embedded in active galactic nucleus disks?
LIGO has detected several stellar mass black hole binary (sBBH) mergers in gravitational waves (GW). It remains unclear if there are counterparts to these events, detectable with other messengers, but there may be (see the "Multi-Messenger Astrophysics Opportunities with Stellar-Mass Binary Black Hole Mergers" whitepaper). The GW events detected by LIGO may result from sBBH mergers in the disks of active galactic nuclei (AGN) (Fig. 1; McKernan et al., 2012 McKernan et al., , 2014 Bartos et al., 2017b; Stone et al., 2017; McKernan et al., 2018; Fragione et al., 2018) . Multimessenger astronomy can be used to investigate such events over the coming decade, even without detectable counterparts. First, we can infer types of electromagnetic radiation (EM) counterparts on a statistical basis (Bartos et al., 2017a) . Second, we can uniquely constrain active AGNs and nuclear star clusters (NSCs) as sources, by comparing AGN and NSC models with observations of rates, masses and spin distributions for sBBH mergers (e.g. McKernan et al., 2018; McKernan et al., 2019) . Figure 1 . Cartoon of a swarm of stellar mass BHs in a galactic nucleus embedded in and orbiting through an AGN disk around a supermassive BH. Some fraction of BHs in the galactic nucleus will end up embedded in the disk, where gas torques lead to migration and mergers of BHs detectable with LIGO (McKernan et al., 2014; Bellovary et al., 2016; Bartos et al., 2017a; Stone et al., 2017) 2 How do we assign GW events to AGNs?
GW localization alone cannot pinpoint a single host galaxy. sBBH mergers can be localized with LIGO to a comoving volume of V GW ∼ 10 4 -10 9 Mpc 3 at 90% confidence level (Chen & Holz, 2016) . However, given enough events, we can constrain the contribution of a sub-population of galaxies (e.g. AGNs) to the GW event-rate. If we restrict sBBH mergers to the brightest AGNs, the number density is n AGN = 10 −4 -10 −5 Mpc −3 . For such rare source types, correlation with GW localizations can be established within a few years of operation by Advanced LIGO and Advanced Virgo, even if only a fraction of sBBH mergers occur in AGNs (Bartos et al., 2017a) . Assume that there are two sBBH formation channels: one associated exclusively with AGNs (given by fraction d AGN 1 ), and one associated with all galaxy types, much more numerous than AGN. To identify an AGN contribution, we can require a 3σ excess over the expectation for no AGN contribution, and set a required confidence interval of 95% certainty. Bartos et al. (2017a) show that these criteria determine the required number of GW merger detections, N GW , depending only on d AGN , n AGN , and V GW ).
For example, if d AGN = 1, i.e. all events come from AGN, the required number of detections to identify an AGN population is only N GW ∼ 100. This number of observed mergers is expected to be reached after a few years of operation with Advanced LIGO and Advanced Virgo at design sensitivity, or possibly sooner once LIGO A+ occurs. If d AGN = 0.3, we find that we need N GW ∼ 600 to statistically establish the presence of an AGN contribution (Bartos et al., 2017a) . However, for a contribution of d AGN 0.1 to the observed LIGO rate, this technique by itself will have difficulty establishing the presence of an AGN sub-population and other messengers or techniques are required.
The above assumes perfectly complete and uncontaminated galaxy catalogs. GWs from sBBHs can be detected out to a few gigaparsecs with Advanced LIGO and Advanced Virgo at design sensitivity (Abbott et al., 2018) . No galaxy catalog is even close to complete at this distance range. For incomplete catalogs, Bartos et al. (2017a) show that the required detection number N GW is inversely proportional to the completeness of the AGN catalog used for the search. The effect of contamination can be assessed similarly. If f cont is the fraction of objects in the catalog that are misidentified as AGN, then assuming
. For our example above with d AGN = 1, if f complete = 0.78 and f cont = 0.05, N GW increases from ∼100 to ∼200. We need a complete AGN catalog for the LIGO GW search volume, with low contamination by false positives, in order to successfully constrain the fraction of mergers coming from AGN.
3 What can we infer from the LIGO-Virgo GW rates?
We have already learned something about AGNs and NSCs from current LIGO-Virgo measurements. We can parameterize the expected rate of sBBH mergers in AGN as (McKernan et al., 2018 )
( 1) where N GN is the number density of galactic nuclei, N BH is the number of sBHs in the central parsec of a galactic nucleus, f AGN is the fraction of galactic nuclei that are AGN, f d is the fraction of BH from the NSC that are embedded in the disk, f b is the fraction of those BH in the disk that are in binaries and τ AGN is the AGN disk lifetime. For a simple gas disk of constant aspect ratio, h, and ignoring orbital grind-down, f d = 3h. Present best estimates of AGN and NSC parameters are sufficiently uncertain that a rate of R ∼ 10 4 -10 −4 sBBH mergers Gpc −3 yr −1 is allowed (McKernan et al., 2018 )! LIGO-Virgo measurements set a firm upper limit on the rate of 108 Gpc −3 yr −1 at 90% confidence (The LIGO Scientific Collaboration & the Virgo Collaboration, 2018). So already we can constrain important parameters of AGN disks and the typical number of stellar mass black holes found in NSCs, using GW measurements alone. Independent constraints on any one of these parameters using multiple messengers, will allow us to break degeneracies and measure the remaining parameters to even higher precision.
Some ∼ 1/3 of all galactic nuclei in the local Universe display nuclear activity (Ho, 2008) , ranging from the most common low-ionization emission regions (LINERs) to ∼ 10% of galaxies containing Seyfert nuclei and < 1% quasars. If we assume that all low luminosity AGNs, including LINERs, are actually optically thick radiatively inefficient accretion flows (RIAFs), then we end up with a very large number of thick disks that can trap and merge a large number of sBH. Assuming then f AGN ∼ 0.3, f b ∼ 0.1 and N sBH ∼ 2 × 10 in Eqn. (1), Fig. 2 shows the LIGO upper and lower merger rate bounds (diagonal lines) on typical h and τ AGN . Such RIAFs must have large typical aspect ratios (h > 0.5; e.g. Narayan et al., 1997) . Thus LIGO is already telling us that most LINERs cannot be optically thick RIAFs (McKernan et al., 2018) . If other methods or messengers can eliminate the possibility that AGN driven mergers contribute significantly to the LIGO measured rate, we can restrict AGN disk parameters to lie below the lower diagonal line. Figure 2 . LIGO restrictions on the rate of BH mergers allowed in AGN. Disk scale height and lifetime must live below the upper diagonal line. We assumed N sBH = 2 × 10 4 (Antonini, 2014; Hailey et al., 2018 ) and f AGN = 0.3, corresponding to all LINERs and low luminosity AGNs (LLAGN; Ho, 2008) . The LIGO-Virgo upper and lower limits are given by the diagonal lines. If other methods or messengers can eliminate the possibility that AGN driven mergers contribute significantly to the LIGO measured rate, we restrict AGN disk parameters to lie below the lower diagonal line.
Thus, if we can predict the spin, mass, and redshift distributions expected from AGN-driven sBBH mergers, we can use the measured LIGO distributions of these parameters to drive the constraints on h and τ AGN towards the bottom RHS of Fig. 2 . Theoretical work on, and simulations of, the behaviour of embedded objects in AGN is key to getting the most out of the growing LIGO distributions of mergers. Modelling of the effects of gas-driven inspiral is also important for planned space-based detectors like LISA, which will detect inspiraling sBBHs earlier in their evolution at wider separation only under the assumption of GW-dominated inspiral. Gas-driven mergers could proceed through the LISA frequency range too quickly (O(∼ hrs)) to permit LISA detections of sBBH.
What does a mass upper limit from LIGO tell us about AGN?
If the AGN channel is efficient, then modest-scale IMBHs must grow in all AGN disks (McKernan et al., 2012 (McKernan et al., , 2014 , particularly at migration traps in those AGN disks (Bellovary et al., 2016; Secunda et al., 2018) . Thus upper limits to masses involved in mergers from LIGO put strong limits on disk structure and lifetime. IMBHs can hope to be identified in AGN disks in EM via the radial velocity motions of the inner AGN disk as the SMBH orbits the center of mass of the IMBH-SMBH binary (McKernan et al., 2013; McKernan & Ford, 2015) . The same technique, searching for systematic perturbations to the broad Fe Kα line component, or the blurred lines in the soft X-ray excess, allow us to test the occurrence of extreme mass ratio inspirals (EMRIs) in AGNs, as could a study of ultraviolet variability from the innermost AGN disk. A long-term study of broad Fe Kα line variability and soft X-ray excess variability across a large sample of AGNs with present and future missions will provide EM constraints on binarity and EMRIs on a useful sample of AGNs in the relatively local Universe. Such constraints will allow us to put limits on both the efficiency of the sBBH merger process in general, and the population of embedded objects in AGN disks.
5 What do we need?
A complete catalog of AGNs in the LIGO GW search volume
If we are to use EM to identify the AGN component of the LIGO mergers, a key requirement is a complete catalog of AGNs, with little contamination (Padovani et al., 2017) , covering the LIGO search volume.
Our goal is to distinguish quiescent galactic nuclei from AGN with a sufficiently massive (∼ 0.01M SM BH ) gas disk that the dynamics of stars and stellar mass BHs in orbit around the central SMBH are substantially altered. Current all-sky surveys do not provide the required completeness in any waveband out to the LIGO detection horizon. The most cost-effective strategy for determining the AGN fraction in any given LIGO error box must be dedicated multi-wavelength follow-up on each LIGO error volume; however, follow-up on the best localized events using a complete catalog will provide the most 'bang for the buck'.
Mid-IR observations are most useful for assembling sufficiently complete catalogs of high luminosity AGNs Mateos et al. (2012) . The WISE color AGN-selection technique is estimated to be ∼ 78% complete at ∼ 95% non-contamination (Stern et al., 2012) . AGN catalogs can be produced for nearly arbitrary completeness or contamination fractions (though we must trade off between them) (Assef et al., 2018) . Using Stern et al. (2012) completeness and contamination fractions, and assuming the brightest Seyfert galaxies as sBBH merger sites (for an intrinsic n AGN = 10 −4 Mpc −3 ) we require N GW of about 200 to demonstrate a clear link to AGNs, assuming all sBBH mergers come from AGNs. By improving galaxy survey completeness and contamination, we can reduce the needed N GW by nearly a factor of 2.
Theoretical work on embedded objects in AGN disks
If we wish to probe beneath the AGN photosphere using LIGO and LISA, we need:
• predictions for distributions of GW parameters & EM signatures from sBBH mergers in AGN disks.
• hydrodynamic models of multiple objects interacting with the AGN disk, including objects not initially co-planar with the gas.
• better models of the inspiral of a binary embedded in a differentially rotating disk (there are already many models of binaries in circumbinary disks; however a binary whose center of mass is orbiting a central SMBH may have a substantially different evolution).
• Understanding of the effect of radiation feedback from accretion onto sBBHs on the surrounding gas and its effect on gas torques for migration and hardening.
• A treatment of the effect of tertiary encounters in the AGN disk, including retrograde orbiters and the spherical population interacting with the disk.
• Calculations of GW waveforms for gas-driven inspiral from the LISA band into the LIGO band. This task is in the LISA Science Consortium plan of work.
Much analogous work has been done for protoplanetary disks, where embedded objects are predominantly co-planar and on prograde orbits with no additional spherical population. All of these theoretical studies need to yield distributions of mass ratios q and spins χ effective in order for LIGO and LISA to constrain AGN disks most effectively.
Multi-wavelength & multi-messenger constraints on AGNs & follow-up
Radio follow-up observations of galaxies in GW error regions, combined with optical/mid-IR data, can separate normal star-forming galaxies from AGNs (e.g. Condon, 1992; Sadler et al., 1999; Smolčić et al., 2008; Baran et al., 2016) . At flux densities 200 µJy at 3 GHz, star-forming galaxies dominate the fractional contribution to the total source sample (Baran et al., 2016) although LLAGNs may also be present (Mooley et al., 2013) . From §3, we may be able to ignore LLAGNs if they are in normal galaxies. Dwarf galaxy AGNs, however, may host a substantial NSC and a dense gas disk; thus dwarf galaxies must be accounted for in catalogs. The transient variable radio sky at mJys is dominated by AGNs (Sadler et al., 1999) . A combination of optical properties, radio spectral index, luminosity, and mid-IR properties can be used to distinguish between, e.g., variable AGN radio emission and supernovae (Mooley et al., 2013) . Most of the cm radio emission from normal galaxies is due to synchrotron radiation from SN afterglows; a smaller contribution arises from free-free scattering. By comparing estimates of star formation rates derived using 1.4 GHz observations with optical constraints, AGN excess ratio emission can be found (Palliyaguru et al., 2016) . To separate star-forming galaxies from AGN, radio data must be combined with optical/mid-IR observations (Mauch & Sadler, 2007) . The census of radio properties of galaxies provided by VLASS will be an excellent starting point for characterizing galaxies in LIGO error volumes. Future radio observatories (SKA and NGVLA) will probe the radio sky with deeper sensitivity. Incompleteness and contamination will impact follow-up searches. BPT optical line diagnostics can be used to help distinguish classes of activity (LINERs and AGN) as well as SF. So, optical line diagnostics are important co-requirements of any catalog.
UV followup is critically important despite the absence of a major UV mission after the end of the Hubble Space Telescope mission. Space-based UV detectors with spectroscopic capabilities in the FUV (100-200 nm) and NUV (200-400 nm) will allow us to probe short timescale spectral variability of the innermost AGN disk. Such variability probes disk physics, but also the presence of secondaries or EMRIs. A large field of view permits a rapid search for short-timescale UV variability across many sources. Modest spectral resolution (R >100) allows us to study Hα and Mgii variability in response to disk changes. An effective area of several m 2 in FUV/NUV would permit the detection and characterization of short-timescale UV variability in hundreds of sources over a range of redshifts (z < 0.6) at 5σ significance in 10hrs (Bolcar et al., 2017) . The statistics of short-timescale or periodic variability in the UV-band across a large sample of AGN will allow us to constrain the population of IMBH secondaries.
We need better observational constraints on N sBH in NSCs, especially in our own galactic nucleus. N sBH in our own galactic nucleus is inferred from X-ray binary studies (Hailey et al., 2018; Generozov et al., 2018) , and tests of this inference as well as ongoing, deeper X-ray studies confirming that the X-ray sources are BHs rather than neutron stars or white dwarfs are to be encouraged. X-ray detectors with energy resolution of ∼ 2-6 eV in the Fe Kα band permit radial velocity studies of Fe Kα emitted by SMBH to detect or limit the existence of smaller mass companions down to mass ratios of q ∼ 0.01 McKernan et al. (2013); McKernan & Ford (2015) . An effective area of 0.25m 2 at 6 keV allows the detailed study of the broad Fe Kα line in only 30 nearby SMBH
2 . An order of magnitude increase of effective area at 6 keV to ≥ 2.5 m 2 is required to establish a statistically significant sample of broad Fe Kα lines around SMBHs for study. Work should be carried out to see if soft X-ray blurred lines or soft excess can be used for analogous radial velocity studies.
Searches for common sources of GWs and high-energy neutrinos (HEN) are ongoing and potentially will revolutionize our understanding of multi-messenger astrophysical sources (e.g. Albert et al., 2018) . The low-latency capability of this search (Countryman et al., 2019; Albert et al., 2017) will also provide better localization which makes EM follow-up observations of the GWs more efficient. Currently, GW+HEN searches use neutrino data from IceCube, ANTARES, and Pierre Auger observatories and GW data from LIGO and Virgo. The next generation of neutrino detectors (IceCube-Gen2 and KM3Net) will increase the sensitivity and discovery potential of these searches by improving the statistics and angular resolution.
Summary
The sBBH mergers presently detected by LIGO may originate wholly or in part from binary BH mergers embedded in disks of gas around SMBHs. Determining the contribution of these AGN disks to the sBBH merger rate enables us to uniquely measure important parameters of AGN disks, including their typical density, aspect ratio, and lifetime, thereby putting unique limits on an important element of galaxy formation. For the first time, GW will allow us to reveal the properties of the hidden interior of AGN disks, while EM probes the disk photosphere. The localization of sBBH merger events from LIGO is generally insufficient for association with a single EM counterpart. However, the contribution to the LIGO event rate from rare source types (such as AGNs) can be determined on a statistical basis. To determine the contribution to the sBBH rate from AGNs in the next decade requires: 1) a complete galaxy catalog for the LIGO search volume, 2) strategic multi-wavelength EM follow-up of LIGO events and 3) significant advances in theoretical work on embedded objects in AGN disks and the disks themselves for LIGO and LISA.
